The contribution of warm-core anticyclones shed by the Irminger Current off West Greenland, known as Irminger rings, to the restratification of the upper layers of the Labrador Sea is investigated in the 1 /128
Introduction
Deep convection in the Labrador Sea, which forms Labrador Sea Water, has been studied extensively in the field (Lazier 1980; Talley and McCartney 1982; Lab Sea Group 1998; Lazier et al. 2002; Pickart et al. 2002; Haine et al. 2008) . Historic data indicate that strong convection events, with consecutive years of deep convective mixing, occur nearly every 10 years (van Aken et al. 2011) . Two large events during the modern observational period were seen in the early 1990s and early 2000s. The spreading of the two distinct Labrador Sea Water classes formed during these events into the subpolar gyre has been monitored closely (Rhein et al. 2002; Kieke et al. 2006; Yashayaev 2007; Kieke and Yashayaev 2015) . Some model studies (Biastoch et al. 2008; Danabasoglu et al. 2012 ) suggest that Labrador Sea convection has an important role within the Atlantic meridional overturning circulation (AMOC), as the AMOC may slow down as a result of weakened deep convection. This could occur when large amounts of freshwater are released from Greenland's glaciers (Manabe and Stouffer 1995; Vellinga and Wood 2002) , creating conditions similar to the Great Salinity Anomaly (Dickson et al. 1988) .
While deep convection and its response to freshwater forcing have been studied in detail since the 1980s, their counterpart, restratification, has only gained attention over the last decade (Katsman et al. 2004; Straneo 2006) . Several studies indicate that restratification of the convective region occurs at least in part through coherent rings shed by the West Greenland Current (WGC; Fig. 1; Prater 2002; Lilly and Rhines 2002; Lilly et al. 2003; Hátún et al. 2007 ). The WGC transports cold freshwater from the East Greenland Current in its upper layers and warm, salty water from the Irminger Current at middepths (Fratantoni and Pickart 2007) . As the topography of the West Greenland slope steepens around 618N, the boundary current becomes unstable (Eden and Böning 2002; Bracco and Pedlosky 2003; Wolfe and Cenedese 2006) . This generates an eddy kinetic energy (EKE) maximum offshore of West Greenland (Fig. 1) . The EKE reaches a maximum in January (Prater 2002; Lilly et al. 2003; Brandt et al. 2004) . Some fraction of the EKE results from the shedding of coherent Irminger rings, named after their core of warm Irminger Current water. These rings, fast moving and with radii of approximately 20 km (Lilly and Rhines 2002; Hátún et al. 2007; Rykova et al. 2009 ), are difficult to track individually in satellitederived altimetry observations (de Jong et al. 2014) .
While the variability of Labrador Sea Water in the interior Labrador Sea is relatively well observed by the annual sections along the Atlantic Repeat Hydrography Line 7 West (AR7W; Yashayaev 2007) and Argo floats, the WGC is less well sampled. Rykova et al. (2015) described the seasonal variability of the WGC using hydrographic occupations between 1990 and 2005 combined with altimetry. They constructed summer (May-July) and winter (October-February) climatologies. The core of the Irminger Water (IW) in the WGC was found to be about 0.68C warmer and 0.01 psu saltier in winter than in summer. Rykova et al. (2015) also showed that the current velocity varied seasonally, with largest velocities in fall when the baroclinic component is strongest. De Jong et al. (2014) found a seasonal cycle in the properties of Irminger rings observed between September 2007 and September 2009. During this period Irminger ring cores in fall were on average 1.98C warmer and 0.07 psu saltier than in spring. De Jong et al. (2014) suggested that this seasonal cycle related directly to the seasonal cycle in the IW, with the larger range in core properties being the result of interannual variability in the IW. Myers et al. (2007) found an increasing trend in the temperature and salinity of Irminger Water since 1995. However, both the datasets used by Myers et al. (2007) and Rykova et al. (2015) originated mostly from FIG. 1. (left) Map of the Labrador Sea with schematic of currents. Acronyms for the currents denote the East Greenland Current (EGC), Irminger Current (IC), West Greenland Current (WGC), and the Labrador Current (LC). The purple color of the WGC indicates the merging (or vertical stacking) of the cold EGC and the warmer IC. At the steep transition in the West Greenland continental slope the WGC becomes unstable, forms eddies, and splits into two branches. These branches merge into the LC on the western side of the basin, which has significantly cooled by now and is therefore drawn in blue. the summer months and did not capture the winter extremes in WGC core properties. A large field program, Overturning in the Subpolar North Atlantic Program (OSNAP; http://www.o-snap. org), is currently underway and will sample the WGC in detail. We aim to provide a model background against which these future observations can be compared. Previous model studies of Irminger rings have shown the potential importance of these features in (re)setting the stratification of the Labrador Sea (Katsman et al. 2004; Chanut et al. 2008; Gelderloos et al. 2011 ). However, these models were either highly idealized in basin geometry and hydrography (Katsman et al. 2004; Gelderloos et al. 2011) or assumed an idealized forcing (Chanut et al. 2008 ). Recent studies with more realistic models have explored the seasonality of the EKE (Luo et al. 2011 ), the lateral heat transport after convection in 2008 (Zhang and Yan 2014) , and the difference between resolved and parameterized eddies (Saenko et al. 2014 ). However, these latter studies did not investigate the role of eddies in restratification directly.
The present study aims to elucidate the transport of heat from the boundary current to the convective area in the Labrador Sea and the role that Irminger rings play therein. We will focus on the seasonal and interannual variability of the Irminger rings provided by a simulation by a realistic model forced by varying atmospheric conditions between 1990 and 2004, as these were missing from earlier idealized model studies. The model used in this study, the 1 /128 Family of Linked Atlantic Models Experiment (FLAME) model, is presented in section 2 as well as the eddy detecting and tracking algorithms. In section 3 we first compare the model circulation and the identified model eddies to the available observations. We follow this by an analysis of volume, heat, and freshwater fluxes. We investigate the contributions of the coherent eddies as well as the anomaly fluxes, which will shed light on the mean sources of heat in the basin. We finish this section with a discussion of the interannual variability in the 15-yr model time series. Section 4 concludes this manuscript with a summary and discussion.
Model output and analysis methods
This study uses the interannual run of the FLAME model, which has been described by Eden and Böning (2002) , Biastoch et al. (2008) , and Gary et al. (2011) . It is a 1 /128 Mercator grid model with 45 vertical (z coordinate) levels, based on the Modular Ocean Model, version 2.1 (MOM2.1; Pacanowski 1996) . The model is spun up from the Levitus and Boyer (1994) and Levitus et al. (1994) climatology forced with European Centre for Medium-Range Weather Forecasts (ECMWF) climatology. It is then run from 1990 to 2004 by a combination of the climatology and monthly anomalies from NCEP-NCAR reanalysis data. The 3-day snapshots of velocity, temperature, and salinity stored during the 1990-2004 period are analyzed in this study. Eden and Böning (2002) found the FLAME representation of the Labrador Sea EKE to be in reasonable agreement with the observations. Since then the model has been used for various studies of the North Atlantic (Biastoch et al. 2008; Bower et al. 2009 Bower et al. , 2011 Gary et al. 2011; Burkholder and Lozier 2011; Lozier et al. 2013) . A more thorough description of the FLAME model and how its eddy representation improved the performance of the model can be found in Czeschel (2004) . These results support the use of FLAME for the present study of eddy processes in the Labrador Sea.
We used the eddy detection method described by Nencioli et al. (2010) to identify mesoscale eddies in the FLAME velocity fields for the Labrador Sea region between 608 and 458W and 558 and 658N. (MATLAB scripts for this method are available at http://www. com. univ-mrs.fr/;nencioli/research.php?type5eddy_detect.) This is an automated eddy detection method that uses the geometry of the velocity vectors. Unlike the OkuboWeiss method, which relies on often noisy gradients of velocity, it does not require smoothing of the velocity fields and thus allows for detection of smaller features. The Nencioli algorithm looks for locations where four constraints are satisfied: first, a reversal of the northward velocity y along an east-west section; second, a reversal of the eastward velocity u along a north-south section with a similar sense of rotation as y; third, a local minimum of the velocity magnitude at the eddy center; and last, a constant sense of rotation along the four quadrants of the eddy. When all four conditions are satisfied, the algorithm determines the last closed streamline from the eddy center within which the radial velocity increases outward from the center. This assumes that radial velocities are maximum at radius R, similar to a Rankine eddy (Lilly and Rhines 2002) . The method identifies latitude and longitude of the center of the eddy as well as the shape of the closed streamline and the type of eddy (cyclone or anticyclone). Two parameters can be set that determine the limits of detection. For this study, we chose the parameters such that they picked up the smallest eddies (two grid points). All selected eddies were then filtered, as we will discuss next.
Irminger rings have surface-intensified velocity profiles (Lilly et al. 2003; Hátún et al. 2007; de Jong et al. 2014 ), so we used the 5-m-depth model velocity field to detect eddies using the Nencioli algorithm. For each detected eddy, a least squares fit to an ellipse was made on the shape of the closed streamline in order to determine the effective radius and eccentricity of the eddy. Since the effective grid scale in the central Labrador Sea in FLAME is 4.6 km, we set a minimum effective radius of 9 km for the eddy to remain in the final dataset. Since we are interested in deep-reaching Irminger rings rather than shallow features, we further filtered the detected eddies based on the 250-m model density field. Eddies had to pass a criterion on the 250-m density anomaly within the eddy. The density anomaly was determined by subtracting a 4.5-month running mean of the local density from the density within the eddy radius. The 4.5-month mean was chosen to limit the local effect of slow-moving eddies while maintaining the seasonal variability of the background. Eddies with an absolute density anomaly smaller than 0.002 kg m 23 , or with a density anomaly sign that did not match their sense of rotation, were discarded (assuming a deep level of no motion as observed). Of all detected eddies, 11% were discarded because their radius was smaller than 9 km and 13% because their density anomaly at 250 m was too small and/or of a sign not consistent with the rotation. The Nencioli script also provides a method of eddy tracking. For each (anti)cyclone at time step t 0 , it searches for the nearest (anti)cyclone at time t 1 . The nearest (anti)cyclone has to be within a given search radius of the position at t 0 . In the FLAME data this resulted in predominantly short tracks (average of four time steps or 12 days). Therefore, we employed a different method here. At each time step ''virtual'' particles were deployed in the velocity field along the center line of a detected eddy. These particles were tracked backward and forward in time from the eddy position. Particle trajectories were computed using a variablestep fourth-order Runge-Kutta integration scheme with the bilinear velocity interpolation in time and space between the grid points. This scheme was used earlier by Rypina et al. (2011 Rypina et al. ( , 2012 . Particles captured within the eddy center show cyclic tracks that remain near the eddy center, while particles that are not captured generally show smooth tracks and diverge from the eddy center. Tracks captured within the eddy were separated from diverging tracks using Lilly's wavelet method ; script available at http://www.jmlilly.net/ jmlsoft.html). The algorithm then matched (anti)cyclones along the center of the remaining particle tracks. While this method is computationally more costly than a simple search for the closest eddy, it has two distinct advantages. First, the size and direction of the search area of matching eddies is now set by the local flow field rather than by arbitrarily setting a fixed range. Second, eddy tracks need not stop when an eddy was not detected (or was filtered out by postprocessing) for a time step along the track. This reduces the ''disappearance'' and ''appearance'' of eddies along tracks. We allowed an eddy to temporarily disappear along a track for a maximum of two time steps. To be allowed back on the track after one or two missing steps, it not only had to be near the simulated particle tracks, but the eddy's density anomaly also had to be within 0.02 kg m 23 of the anomaly last seen on the track. Studies using observations of eddies (Hátún et al. 2007; Rykova et al. 2009; de Jong et al. 2014 ) calculated heat and freshwater content of individual eddies. For comparison, similar heat content H and freshwater content F for individual eddies found using the eddy detection algorithm were calculated using
(1)
integrating vertically between two layers, 0-200 m and 200-1000 m. These two layers are used in earlier observational studies (Hátún et al. 2007; de Jong et al. 2014) and contain most of the property anomaly. (t) were chosen to be the time-varying mean temperature and salinity of the upper 1 km in the convective region. The horizontal integration scale, from the center out to 1.5R, was chosen because the temperature and salinity maxima often extend outside the radius of maximum velocity (Hátún et al. 2007 ).
Outside of 1.5R, other nearby eddies or anomalies start to influence the derived heat content. The volume of each eddy is assumed to be the volume of integration, a cylinder 1.5R wide and 1000 m deep.
Results

a. Comparison of the model circulation with observations
The mean WGC in the FLAME model reasonably resembles the observed mean current (Fig. 2) . The FLAME WGC also shows a strong seasonal cycle similar to the observations described by Rykova et al. (2015) . The temperature and salinity of the Irminger Water in the model WGC were determined using two methods. The first is similar to the method used by Rykova et al. (2015) on the AR7W section. Mean temperature and salinity are determined with a box that encloses the core of the Irminger Water. The box extends between 300 and 700 m deep and between the Greenland slope and 20 km offshore of the slope. The second method depends less on the exact position of the IW core. It includes the water column between the 27.55 and 27.75 kg m 23 isopycnals between the slope and 100 km offshore. Monthly means from both methods show that the IW reaches a maximum in temperature and salinity in November/December and a minimum in May/June (Fig. 3) . The range in temperature within the small box is 0.988C while the range in salinity is 0.12. Considering the same months for which Rykova et al. (2015) had hydrographic data available, the range between the May-July and October-February mean is 0.668C in temperature, which is very similar to their observations of a temperature range of 0.68C. FLAME's seasonal range in salinity is 0.08, which is larger than Rykova et al.'s range of 0.01. The timing of the peak temperature (and salinity) in late fall is related to the seasonal cycle in the source region of the IW, namely, the Irminger Sea. The temperature lags the maximum temperature of the Irminger Current on the East Greenland slope by 21 days (correlation 0.53 for salinity, 0.64 for temperature at 21 days, 95% significant). This timing agrees with the pathway and transport times of particles released at 250 m on a section upstream of the box at 59.58N off the eastern shelf of Greenland (similar to the World Ocean Circulation Experiment repeat section AR7E, not shown). During advection around Cape Farewell the water is cooled by 0.618C and freshened by 0.09. This decrease in T and S is likely due to boundary-interior exchange in the Cape Farewell area (Holliday et al. 2009 ), with a small contribution from sea-to-air fluxes.
The model WGC along the West Greenland shelf is strongest in January, with a monthly mean maximum surface velocity of 108 6 24 cm s 21 and a minimum in June of 95 6 21 cm s 21 . Averaged over the area between 60 and 100 km offshore (Fig. 4) , the monthly means for the same months are 68 6 16 and 58 6 12 cm s 21 . The structure of the current also changes seasonally. As the isopycnals flatten in fall, the current becomes more surface intensified. The current core is quite narrow, with velocities decaying to 20 cm s 21 about 25 km outside the current core. The narrowness of the current is a down to 100 km offshore.
possible explanation of why Rykova et al. (2015) found lower velocities. They derived a maximum surface velocity of 60 cm s 21 from the gridded AVISO altimetry product. Steep gradients are generally smoothed out in these products (Chelton et al. 2011 ). We will compare the FLAME volume transports in the WGC and Labrador Current further to observed values in section 3c. The seasonal cycle of the model EKE maximum off the West Greenland shelf lags that of the velocity in the model. EKE was calculated as
where u and y are the time (15 years) averaged velocities. The EKE averaged over the box off the West Greenland coast exhibits a maximum in February and a minimum in July (Fig. 3) . The shape of the region of high EKE values is similar to observations. The ''lobe'' of elevated EKE coming off the maximum EKE on the shelf seems somewhat more aligned with the isobaths and less directed into the deeper interior basin, but is more similar to the shape of the observed EKE (Lilly et al. 2003 ) than the model study by Chanut et al. (2008) .
b. The model eddies
We will briefly discuss the eddies identified by the detection algorithm. Counting only coherent model eddies that had tracks of at least three time steps (9 days), there were on average a minimum of 17.5 eddies detected in January (9.2 anticyclones and 8.3 cyclones) and a maximum of 46.8 in July (19.9 anticyclones and 26.9 cyclones) in the study area shown in Fig. 5 . In January, the eddies (both cyclones and anticyclones) are predominantly found near the eddy formation region off the West Greenland shelf and in the southeast part of the Labrador Sea, with relatively low numbers of eddies in the interior. In July, the eddies are spread more homogeneously across the Labrador Sea ( Fig. 5) , although higher concentrations are still found in the northern area. Eddies associated with the Irminger ring formation area, for example, tracks starting north of 608N, are generally smaller than those in the south (mean R 5 16.1 6 6.4 km versus 20.9 6 10.6 km). Even though they are smaller, they are more energetic ( , contributing to the high EKE in the northern part of the basin. Figure 5 is very similar to the map of eddy speeds derived by Lilly et al. (2003) , with a maximum off West Greenland extending along the 3-km isobaths and into the basin, a region of slightly elevated EKE in the center and a separate elevated region in the southeast of their study area (bounded at 538N and 448W). Figure 6 shows the tracks of the detected eddies. Only tracks that extend beyond 1 month are drawn. A total of 967 tracks, 346 belonging to cyclones and 621 belonging to anticyclones, are drawn. The longest anticyclone (cyclone) track is 9.5 (6.5) months. Clear bands of tracks extend from the Irminger rings formation area off the West Greenland shelf. These bands correspond with the location and banding of the EKE maximum defined by the model data. In the interior, tracks of anticyclones, which appear to circulate in a large-scale cyclonic pattern, are visible. They are very similar in radius (20.6 km) and swirl velocity (214.4 cm s 21 ) to the anticyclones south of 568N (21.8 km and 214.6 cm s
21
, respectively), while being larger and slower than the Irminger rings (17.5 km and 221.6 cm s 21 , respectively). In the southwest, cyclones appear to be shed by the FIG. 3 . Mean seasonal cycle of the Irminger Current core. The black lines shows the (top) temperature and (middle) salinity averaged over the core box defined by Rykova et al. (2015) (shown in Fig. 2) . The gray lines show the averages between the 27.55 and 27.75 kg m 23 isopycnals down to 100 km offshore (Fig. 2) . (bottom) Seasonal cycle of EKE over the horizontal box around the EKE maximum ( Fig. 1) .
Labrador Current and are recirculated back toward the entrance of the Labrador Sea (section CENTER; see section 3c for explanation of Labrador Sea sections). A map of heat content relative to T ref (t) derived for all eddies ( Fig. 7) further illuminates the different character of the Irminger rings, the eddies in the interior, and the southern eddies. The interior eddies have a significantly lower heat content, typical of eddies formed by instabilities of the convective area. The eddies in the shallow (,1 km) northern rim also have lower heat content because of their higher relative volume of cold, fresh WGC water and freshwater originating from Baffin Bay. Both the eddies along the northern boundary offshore of the 1-km isobaths and the eddies in the south have a higher heat content, consistent with an origin in the relatively warm boundary current (either the Labrador Current or possibly the Northwest Corner). In the flux calculation of the section across the entrance of the Labrador Sea, we will show that the southern eddies do not contribute significantly to the heat and freshwater fluxes into the basin. Therefore, the focus of eddy fluxes will be on the Irminger rings.
A comparison was made between the eddy observations at the IRINGS mooring in the Labrador Sea (de Jong et al. 2014) and the conditions at the same location in the FLAME model (Fig. 1) While the variability of EKE is relatively easy to observe (by altimetry), the more interesting parameters with regard to the circulation and Labrador Sea Water (LSW) formation are the fluxes of volume, heat, and freshwater. Therefore, model volume, heat, and freshwater fluxes were calculated across several sections in the Labrador Sea. Three sections form a box around the EKE maximum off West Greenland (Fig. 1) 
where r 5 1027 kg m 23 is the reference density, c p 5 4000 J kg 21 C 21 is the heat capacity of seawater, y(t) is the velocity across the section, T(t) is the temperature at the section, and T ref is a reference temperature. The transport in Sverdrups of freshwater (FSv) is defined as (Curry et al. 2011 (Curry et al. , 2014 ) may be a result of the prescribed conditions at the northern boundary of the model (708N). Although transport through Davis Strait is a potential source of freshwater to the interior Labrador Sea this is not a focus of this study. As mentioned in section 3a, the FLAME volume transport in the WGC is possibly too strong. In winter (summer) the mean full depth transport between the coast and 150 km offshore in FLAME is 43 Sv (39 Sv), significantly more than the 29.1 Sv derived by Rykova et al. (2015) . However, Fischer et al. (2010) Most of the volume that enters the basin at the WGC section continues north through IN into the box (42.4 Sv). About 65% of this volume (27.5 Sv) is diverted through FLANK out the western side of the box and along the 3-km isobath, while the rest (14.9 Sv) continues in the shallower boundary current (OUT). These two branches are similar to the flow observed from PALACE floats (Cuny et al. 2002) . The two flows merge into the boundary current along the slope of Newfoundland as the transport is back to (slightly more than) its initial strength at LC. The mean net heat flux between the surface and bottom through the section LC, CENTER, WGC equals 76. continues in the boundary current through OUT around the basin. This is likely due to the fact that most of the freshwater is found on the shallow Greenland shelf and is not easily fluxed offshore, although the model IRs transport some freshwater in their caps. In the 200-1000-m layer, the heat and freshwater (or salt, as the freshwater flux is negative) is split in nearly equal parts between the broad 3-km isobaths flow and the shallower boundary current.
Despite the large increase in transport along the Newfoundland slope, the boundary current heat and freshwater fluxes change little between the northern side of the box (OUT) and the exit of the Labrador Sea at the section (LC). This suggests that most of the heat for restratification supplied by the boundary current enters the basin from the eddy formation area off the West Greenland shelf through FLANK. To estimate the extent of this exchange, the volume, heat, and freshwater fluxes across an additional section MID were calculated (Figs. 1, 8 ). This section is located midbasin along the axis of the basin across the main outflow through FLANK. The volume fluxes across the two sections are nearly identical (27.5 Sv through FLANK and 28.8 Sv through the additional section). However, the heat and freshwater fluxes through this section are reduced compared to FLANK. In the upper layer the heat (freshwater) flux is 85% (65%) of that of FLANK, while in the lower layer the heat (freshwater) flux is 77% (74%) of that of FLANK. Thus, significant mixing occurs offshore of the Irminger ring formation area. This is confirmed by a particle release experiment (Fig. 8) . At the start of every month in the FLAME dataset, particles were released on each grid point on both the southern and northern sides of the box. The particles were tracked forward for 1 year using the 516-m horizontal flow field. Particles released on the northern side of the box mostly follow the narrow boundary current along the 2-km isobath. This is in line with the similar heat transport going through OUT at the northern end of the box and exiting the Labrador Sea through LC.
The exchange between Irminger Current Water and the interior is limited to the flow over the 3-km isobaths, the western edge of the convective region, and the entrance of the Labrador Sea. Particles released on the southern, inflow side of the box spread out more over the basin. The broad main flow follows the 3-km isobath but extensive exchange with the interior appears to occur. FIG. 8 . Distribution of particles released at 516 m depth at (left) the northern side of the box and (right) the southern side of the box. Shown is the percent of total number of released particles that arrived at a particular 0.58 longitude 3 0.258 latitude grid box. Drawn on top (black) are the box around the EKE maximum off the West Greenland coast and the additional section across the westward outflow out of the box. The red contour indicates the region of strongest convection. The warm-core anticyclones are suggested to be an important source of heat to the cold convective region. We will attempt to quantify that contribution. Heat and freshwater contents of individual eddies were derived using Eqs. (1) and (2). Heat and freshwater content of eddies crossing a section can be transformed into a flux by summing the content of all eddies passing the section and dividing it by the length of the time series. The thus-derived mean fluxes of eddies crossing from the EKE maximum box into the interior basin are shown in Table 2 .
All eddies together crossing the FLANK section are responsible for 15.7% of the total volume transport in the upper 1000 m, with a nearly equal division between cyclones and anticyclones. In the layer between 200 and 1000 m eddies transport 18% of the heat, with the anticyclones (21 (Table 2) .
Nearly all of these ''long lived'' eddies are anticyclones. Most of the longer tracks follow the isobaths and do not enter the convective region (Fig. 6) . Therefore, the transport of heat to the convective region in FLAME does not seem to occur through advection of warm water cores within coherent rings. Eddy fluxes include more than the transport by coherent rings. It is the flux of the anomalies from the mean, which also includes noncoherent (sub)mesoscale features. Therefore, we also derive eddy fluxes by Reynolds decomposition. We decomposed the temperature advection of the Labrador Sea (averaged over the upper 1 km) in a mean and eddy flux to gain insight into the relative importance of eddy variability, including both coherent and incoherent eddy motions. To avoid confusion with the flux derived from the heat and salt content of the coherent eddies discussed earlier, we will call the eddy flux derived from this decomposition the ''anomaly flux.'' Using the temperature and velocity fields, the temperature advection is calculated as yT(x, y) 5 y(x, y)T(x, y) 1 y 0 (x, y, t)T 0 (x, y, t), (6) where y and T are the long-term mean (model record) temperature and velocity at each grid point and y 0 and T 0 are the anomalies from the mean at each time step at that grid point. Figure 9 shows vectors of the mean and anomaly temperature advection as well as contours of the divergence of the heat flux calculated as
The map shows that the mean temperature advection is mostly along isobaths, while the anomaly temperature advection has a large cross-isobath component near the EKE maximum. Even though the anomaly temperature advection is much smaller in magnitude than that of the mean fields, the anomaly heat flux convergence in the convective region (responsible for local warming) is higher. The mean flow does contribute some warming of the convective region along its western edge. The banding of cooling and warming regions along the northern side 
of the basin seems to coincide with the bands of cyclone and anticyclone tracks in Fig. 6 . Equation (7) can also be applied to construct a monthly mean climatology rather than a mean over the 15-yr time series. For each month the heat flux divergence in the convective region for the mean and anomaly flux components was calculated. The boundary of the convective region (Fig. 8) was defined as the smoothed contour of the mean maximum mixed layer depth of 1500 m. Figure 10 shows the monthly climatologies of this region. During the months with the strongest surface forcing (January-March; Fig. 10 ), the heat convergence by the mean flow is low and that of the anomaly heat flux is increasing but not enough to balance the surface cooling. In April the surface cooling and lateral heat convergence balance and the mean temperature of the convective region remains steady. In May-October the surface forcing is weaker (,100 W m
22
) and the basin warms. The reduced convergence by the anomaly flux is thought to be related to the decreasing EKE values and less Irminger rings formation during these months. The heat convergence by the mean flow gradually increases because of overall heating of the basin through spring and summer but remains smaller than the anomaly fluxes through most of the year.
We conclude that though coherent eddies, especially anticyclones, are effective at transporting properties, they apparently are not the most important mechanism for transport from the WGC into the convective region in the FLAME model. The coherent eddies are too small and too few to transport the bulk of heat needed for restratification. Even so, the instability in the boundary current creates a strong cross-isobath flow, providing heat to the interior. Eddies and other mesoscale features provide further mixing of boundary current water and interior water along the 3-km isobaths.
e. Interannual variability
Little is known about the interannual variability in Irminger rings. Lilly et al. (2003) described a decrease in the number of anticyclones at the Bravo mooring during years of strong convection. This mooring was located farther away from the Irminger rings formation area (Fig. 1) . These authors suggested that the anticyclones' warm core may get destroyed by convective mixing more quickly in strong winters, weakening the eddies and shortening their lifetime. Brandt et al. (2004) described interannual variability of the EKE in the Labrador Sea. In the mid-1990s (1994 , the baseline EKE (or the minimum annual EKE) was high but the amplitude of the seasonal cycle was smaller than average. From 1997 to 2001, the amplitude of the seasonal cycle increased, leading to higher maxima in winter and lower minima in summer. Brandt et al. (2004) suggested that these changes were due to changes in the density difference between the interior and the boundary as a result of convection, as well as to changes in the wind stress curl driving the boundary current. We will study the interannual variability in FLAME in more detail here. Not surprisingly, the seasonal cycle is dominant in all model fields (e.g., T, S, heat, and freshwater fluxes), but some interannual variability is also apparent in the 15-yr model time series. Figure 11 shows the variability of the maximum mixed layer depth (MLD) in the central Labrador Sea. The maximum MLD was determined as the depth where density exceeded the surface density by 0.005 kg m 23 , similar to Chanut et al. (2008) . While the variability is not as large as observed (Yashayaev 2007) , FLAME does show similar tendencies, with mixing down to nearly 2000 m in 1994 and shallower mixing in the late 1990s. However, changes in convective activity are more apparent in the areal extent of deep mixing than in maximum MLD (Fig. 11) .
Convection, through densification of the interior basin, affects the density gradient that is proportional to the strength of the boundary current. Spall (2004) used a conceptual model to show the dependence of the eddy heat fluxes from the boundary current on the density gradient between the boundary current and the interior. While his simple model had a varying interior density (due to convection), the boundary current density itself was held fixed. We derived time series for the density of the boundary current and the interior from the section spanning the width of the Labrador Sea in FLAME (Fig. 1) . For the density of the boundary current we average the density over the region between 40 and 125 km offshore and 1000 m deep. This region envelopes the area of downward sloping (toward the boundary) isopycnals associated with the boundary current (Figs. 2, 4) . For the density of the interior we average the density over a region 100 km wide and 1000 m deep in the region where the isopycnals outcrop in winter. In FLAME the range of the seasonal cycle in the boundary current density (0.121 kg m 23 ) is in fact nearly twice as large as that of the interior (0.067 kg m 23 ). Since the two seasonal cycles are not in phase, this results in a stronger total density gradient (Dr; Fig. 12 ) and a lagged peak gradient. In the simple model, peak density gradients would occur in March, at the end of the convective season. In FLAME the boundary current is densest in May, reducing the gradient in spring. As a result the density gradient is strongest in October, when the boundary current is most buoyant (described earlier in section 3a). The EKE correlates strongly with both the density gradient (R 5 0.70 with Dr leading by about 2 months; Fig. 13 ) as well as with the maximum surface velocity V max of the WGC (R 5 0.66 with V max leading by 1 month). However, after removing the seasonal cycle by computing annual means, the correlation between EKE and Dr remains high (0.77). The interannual correlation between EKE and V max drops to 0.24, likely because of the influence of interannual variability in wind forcing. Generally, the heat flux into the Labrador Sea (through IN and IC) shows a similar variability as Dr (Fig. 13) , with a correlation of the annual mean series of 0.70. However, it is unclear why 1997, a year characterized by high values of Dr, did not result in a higher heat flux. This year did not stand out in either wind forcing or convective activity. To look at these details is beyond the scope of this study.
The interannual variability of Dr, marked by a gradual increase over the 15-yr record, is predominantly determined by the increase in temperature of the boundary current, similar to what was observed in the hydrographic records of the Labrador and Irminger Seas (van Aken et al. 2011 ). This results in an increase in FIG. 10 . Monthly climatologies of (top) FLAME surface heat fluxes, (middle) heat flux divergence of the mean (blue) and eddy (red) fields, and (bottom) spatially (within convective area drawn in Fig. 9 ) and vertically (1 km) averaged temperature of the convective region.
heat fluxes from the boundary current to the interior when using a fixed reference temperature. Since the temperature of the interior basin is also increasing during this time period, the trend in the heat transport relative to T ref (t) might be a more useful metric. Accounting for the variability in the convective region reduces seasonal cycle, but most importantly the interannual trend (Fig. 13) . This is similar to the synchronous trend in eddy heat content and interior temperature observed by Rykova et al. (2009) . We will discuss this in more detail later.
We note that stronger density gradients and higher EKE do not necessarily translate to more coherent eddies. To identify the effect of higher or lower EKE on Irminger ring formation, we compare two periods. The first period is January 1997 to December 1998, during which the highest values of EKE were seen in FLAME (Fig. 13) . The second period is January 2000 to December 2001, during which the seasonal variability of EKE was low. About an equal number of tracks were found for these periods (142 versus 140). However, anticyclones along the 1997-98 northern tracks are slightly FIG. 11 . Time series of maximum MLD and extent of the deep mixing area in the central Labrador Sea. The MLD (black) was determined for the region between 498 and 608W and 55.58 and 608N. The number of grid points exhibiting MLD . 1000 (red) is a second indicator of the convective activity. larger (radius of 18.9 km versus 17.1 km) and significantly more energetic (245.7 versus 233.6 cm s 21 ). The combination of more tightly packed tracks in the northern Labrador Sea (Fig. 6 ) in combination with higher swirl velocities may explain the higher EKE without a large difference in eddy numbers.
Discussion
Using the FLAME model we found that the Irminger rings formation area is the largest source of heat to the interior Labrador Sea. Coherent eddies transport 18% of the heat in the upper 1 km coming out of the box on the west coast of Greenland. Very few (8 in 15 years) of coherent eddies make it to the convective region. However, large transport of heat is facilitated by eddy fluxes, as is shown by decomposition of the temperature advection fields. The heat convergence in the convective region by the mean flow increases from February to October, generally following trend with the temperature within the basin, but remains lower than that of the eddy fluxes most of the year. The heat convergence by eddy fluxes peaks in April and then declines toward October. The stronger late winter eddy heat convergence facilitates restratification after convection. Since the heat transport by coherent eddies is relatively low, we must assume that this heat diverges mainly from the boundary current in noncoherent mesoscale features (filaments, FIG. 13. (top) Time series of density difference between the boundary and the interior in blue and the EKE in black. (middle) Time series of the density difference between the boundary current and the interior in blue and the heat flux into the box between 200 and 1000 m calculated using a fixed reference temperature in red. (bottom) Heat flux into the box between 200 and 1000 m calculated using a fixed reference temperature in red and using the time-varying temperature of the interior in dark red. Time series are low-pass filtered with a 3-month window.
short lived eddies, etc.). Even though the heat content of coherent eddies is relatively large compared to its environment, they constitute only a small part of the total surface area compared to the more ubiquitous noncoherent anomalies (Fig. 14) . Palter et al. (2008) also found the Irminger rings formation region to be an important source of heat in observations. They studied Profiling Autonomous Lagrangian Circulation Explorer (PALACE) float tracks to elucidate cross-isobath exchange along the boundary current. They found a higher ratio of PALACE floats crossing isobaths in the region of high EKE off the West Greenland shelf as well as higher ratios in winter when the EKE is at a maximum similar to the FLAME results. The shape of the observed altimeter-derived EKE maximum, extending more southward than westward, suggests that perhaps a higher number of coherent eddies makes it to the convective region in the real ocean compared to the model. Even so, it is likely that the contribution of the noncoherent anomalies to the convergence of heat is still important in the real ocean, similar to FLAME. The 2-yr time series at the IRINGS mooring (de Jong et al. 2014) showed few coherent rings (12) against a constantly fluctuating background.
The 15-yr reanalysis forcing applied to the FLAME model run allowed for an analysis of the interannual variability. We found similar variability and trends in the density gradient between the Labrador Sea interior and the boundary current, the EKE, and the heat transport in the boundary current. In FLAME interannual density changes in the boundary current are significantly larger than those in the interior, making the boundary current variability dominant in setting the gradient. These changes are likely driven by variability in either advection or air-sea interaction upstream of the Labrador Sea. Density changes in the interior are smaller because of the depth of convection in the Labrador Sea, which distributes the surface buoyancy flux vertically. However, on longer time scales (.10 years), we might expect the interior and the boundary current density to vary synchronously. This is because the Labrador Sea and the Irminger Sea, where Irminger Water is (trans)formed, are seen to show matching trends in temperature and salinity during the hydrographic record (van Aken et al. 2011 ). In FLAME, both the interior and boundary current showed a similar steady increase in temperature over the 15 years. When the increase in temperature in the interior was taken into account in T ref , the FLAME heat flux from the boundary to the interior was steady.
The relation between the density gradient and eddy fluxes is similar to the model proposed by Spall (2004) in his idealized study. However, in Spall's model the fixed boundary current resulted in a dominance of the convective region in setting the density gradient. Our results are also in line with the conclusion of Luo et al. (2011) that the variability of EKE in the Labrador Sea is externally forced (their boundary current was prescribed at the eastern end of their ROMS domain at 358W). Although there are long (60 years) time series describing the properties of the interior Labrador Sea, we currently have only limited observations from the boundary current, making it difficult to obtain a time series of the cross-basin density gradient. However, in July 2014 a moored array was deployed across the WGC as part of OSNAP. This will allow for some first calculations of alongshore heat transport by the boundary current. A parameterized heat transport from the boundary to the interior Labrador Sea based on time series from the interior as well as the boundary current could then be derived. Sustaining the observations of the interior, as they have been since the 1950s, as well as the new boundary current array would surely be more feasible than observing the heat transport by individual eddies. Even so, efforts should be made to observe the heat flux from the boundary to the interior to validate these model results. Current generations of global climate models (GCMs) do not have the resolution required to simulate fluxes by (sub)mesoscale processes. Saenko et al. (2014) compared high ( 1 /128) and low (18) models in the Labrador Sea and concluded that the eddy FIG. 14. Snapshot on 2 Apr 1994 of the temperature field at 500 m. Warm cores are seen to be shed from the Irminger rings formation area west of Greenland. However, many heat carrying anomalies, including a large, warm filament coming off the WGC, are not contained within the coherent rings. parameterization in the low-resolution models is not sufficient to simulate the heat exchange in the Irminger rings formation area. Consequently, reduced restratification by the boundary current could be a possible reason why some GCMs highly overestimate convective mixing in the Labrador Sea (de Jong et al. 2009 ).
